Natural deletions of the human β-globin gene cluster lead to specific syndromes characterized by increased production of fetal hemoglobin in adult life and provide a useful model to delineate novel cis-acting elements involved in the developmental control of hemoglobin switching. A hypothesis accounting for these phenotypic features, assumes that silencers located within the Aγ to δ-gene region, are deleted in hereditary persistence of fetal hemoglobin (HPFH) and δβ-thalassemias, leading to failure of switching. In the present study, we sought to clarify the in vivo role of two elements, termed Enh and F, located 3' to the Aγ-globin in silencing the fetal genes.
INTRODUCTION
Human β-globin gene expression is tightly regulated during development and hematopoiesis. The human β-globin locus comprises five developmentally regulated genes (5'-ε-Gγ-Αγ-δ-β-3') whose high level and stage-specific expression depends on interactions with the locus control region (LCR), consisting of five major DNaseI hypersensitive sites (Figure 1 ). The LCR activates β-globin gene transcription through direct interaction with promoter regions (1, 2) , and is a major determinant of the chromatin structure of the locus (3) . Mice transgenic for the human β-globin locus express the human genes in a developmentally regulated manner (4, 5) . Specifically, the human globin genes undergo two developmental switches in their activation.
Expression of the embryonic ε and fetal γ-globin genes, first activated during primitive erythropoiesis in the embryonic yolk sac, switches to expression of the γ-genes at the start of definitive erythropoiesis in the fetal liver, with a small contribution by β-globin. The second switch occurs gradually around birth with the activation of the adult stage-specific δ and β-globin genes, with δ-globin making a minor contribution, whereas γ-globin expression is gradually suppressed to very low levels (1-2%) by the end of the first year of life.
The individual genes have been shown to be regulated by a complex interplay between cis regulatory elements, trans-acting factors, enhancer competition, and epigenetic mechanisms (6) . Despite a remarkable amount of progress in this field, the exact mechanism(s) of globin gene silencing is still not completely understood.
Understanding the molecular basis of globin gene switching and discovery of strategies to efficiently express γ-globin genes in the adult is of particular interest, UNCORRECTED PROOF Molecular Medicine www.molmed.org since reactivation of the fetal γ-globin genes in the adult has been shown to ameliorate the effects of hemoglobinopathies (7) .
A series of well established quantitative trait loci accounting for 20-50% of the fetal hemoglobin (HbF) variability in healthy adults, such as a) the C→T single nucleotide polymorphism at position -158 of the Gγ-gene, creating a restriction site for the enzyme XmnI (8) , b) the HBS1L-MYB intergenic region on chromosome 6q23 (9) and c) the BCL11A gene on chromosome 2, encoding a zinc finger transcription factor acting directly within the β-cluster (10), have been extensively studied and their contribution on the mechanisms of fetal globin expression and hemoglobin switching has been evaluated recently (11) . Furthermore, the configuration (AT) 9 T 5 of the polymorphic sequence motif residing 0.5 kb 5' to the β-gene, has been considered to confer high γ-globin levels in β-thalassemia patients in association with the XmnI polymorphism (12) (13) (14) , although other studies (15) have found no effect. Furthermore, analysis of mutants with rare point mutations either in the Gγ οr Αγ promoter associated with an HPFH phenotype (11, 16) have provided insights for the mechanisms of continued Hb F synthesis based on the alterations in DNA-protein binding sites, resulting either in the creation of a new motif that allows trans-activator binding, or in the abolishment of a repressor protein binding motif, leading to de-repression of fetal genes (11, 16) .
However, the most informative model for the role of cis-acting elements of the cluster involved in hemoglobin switching, has been provided by a number of naturally occurring deletions in the locus leading to persistent γ-globin gene expression in the adult stage, and suggesting that γ-gene suppression is likely a complex process but one that can be perturbed (16 thalassemias give rise to lower levels (2-15%) of heterocellular γ-globin expression in the adult. In a particular set of deletions where the 3' end of the locus is lost, the 5' breakpoints map within a region between the Aγ to δ-globin genes. Based on the above observations, it has long been postulated that the Aγ to δ-globin intergenic region harbors negative cis-acting elements involved in the regulation of the fetal-toadult switch (17) . It has also been suggested (18) , without being mutually exclusive, that the juxtaposition of distal sequences located downstream of the 3' breakpoint of these deletions with enhancer-like function, may also be involved in persistent γ-globin expression. The validity of the latter hypothesis for the HPFH deletions has been conclusively documented experimentally in vivo by us (19, 20) and by others (21) with the identification and functional characterization of a series of HPFH enhancers (19) (20) (21) . A similar mechanism may be operating in the HPFH-5 and HPFH Kenya deletions via the juxtaposition of the 3' β-globin enhancer to the proximity of the fetal genes (1, 16) .
Previous studies of our laboratory (22,23) have identified four elements, termed Enh, F, O, and P, located within the Aγ to δ-globin intergenic region ( Figure   1 
MATERIALS AND METHODS

DNA constructs
The cosmid construct used was generated by ligation and packaging into phage of the following fragments: 1) a 27 kb PvuI-ClaI fragment from LCR-loxP-Aγ- 
S1 nuclease protection assays
S1 nuclease protection analysis was carried out using total RNA from blood of adult animals. RNA was isolated using the Trizol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). The probes used and conditions for S1 nuclease protection assays and polyacrylamide gel electrophoresis were essentially as previously described (30-32). Specific activities of probes were determined as previously described (32) , and are indicated in the legend of Figure 2 .
Quantitation of expression levels was performed on a PhosphorImager using the ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).
Real-time reverse transcriptase PCR
Total RNA was isolated from adult blood using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and treated with RQ1 RNase-Free DNase (Promega, Madison, WI, USA) for 30 minutes at 37°C according to the manufacturer's instructions.
DNase-treated RNA samples were reverse transcribed with Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) using Oligo dT 16 . Control reactions UNCORRECTED PROOF Molecular Medicine www.molmed.org without reverse transcriptase were also performed. For the real-time PCR assay, primers sets specific for the human γ-globin gene (forward primer exon 2, reverse primer exon 3) were used. Primer sequences are available upon request.
Normalization for the amount of template was performed using primers specific for exon 8 of the mouse HPRT gene. Αmplified products were approximately 100 nt long. Reactions were performed in duplicate, using the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Real-time PCR was performed in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA), as follows: initial denaturation for 2 min at 50°C and for 10 min at 95°C, followed by 40 cycles of PCR (95°C for 15 sec; 60°C for 1 min). Data were analyzed using the comparative C T method for the relative quantitation of results (33) . Post-amplification denaturation curves showed that the primer pairs generated single products.
DNA FISH analysis
Peripheral blood cells were cultured for 72 h in RPMI 1640 medium.
Chromosome preparations were made according to standard procedures. Fluorescence in situ hybridization (FISH) was carried out as described by Mulder et al. (34) . The probe used to detect the transgene was the biotin-labeled 5' Aγ 1.7 kb EcoRI-BamHI fragment, which was immunochemically detected with fluorescein. Chromosomal DNA was counter-stained with DAPI (4',6 diamidino-2-phenylindole), which stains centromeric domains more intensely.
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Linear amplification mediated-polymerase chain reaction (LAM-PCR)
LAM-PCR was performed using the previously reported methodology (35) . 
RESULTS
Generation of LCR-Aγ-ΔEnh/F transgenic lines
To investigate the effects of the deletion of Enh and F elements on the silencing of the Aγ-globin gene, we generated transgenic lines by microinjecting a 25 kb construct containing the full length LCR and the 3. showed that all three lines contained an intact transgene (data not shown) in multiple copies: LCR-Aγ-ΔEnh/F-1; 2 copies, LCR-Aγ-ΔEnh/F-2; 3 copies, and LCR-Aγ-ΔEnh/F-3; 4 copies, as shown in Table 1 .
Aγ-gene expression analysis in adult LCR-Aγ-ΔEnh/F multicopy lines
We first analysed Aγ-globin gene expression levels against those of the endogenous β maj globin gene in RNAs isolated from adult blood of transgenic LCR-Aγ-ΔEnh/F multicopy lines by S1 nuclease protection assay ( Figure 2 (Table 1 ). RNA samples from three different adult animals from each of the three generated LCR-Aγ-ΔEnh/F lines were analyzed. The highest LCR-Aγ-ΔEnh/F Αγ-expressing line was the LCR-Aγ-ΔEnh/F-3 (Table 1 and Figure 2 ).
We further analysed Αγ-gene expression by quantitative Real-Time reverse transcriptase PCR. These results confirmed the S1 nuclease mapping data, with high γ-globin expression being detected in the adult blood of the LCR-Aγ-ΔEnh/F transgenic mice only, ranging from 24 ± 3 to 112 ± 4% of the levels of the LCR-Aγ-HPFH2C transgene at the fetal stage (20), which was used as a positive control (Table   2) . On the contrary, no expression was detected in the adult blood of the control LCR-Aγ lines C and H, containing the two silencer elements (Table 2) lines were generated and were designated as LCR-Aγ-ΔEnh/F-1sc, LCR-Aγ-ΔEnh/F2sc, and LCR-Aγ-ΔEnh/F-3sc. We then analyzed Aγ-gene expression in the adult blood by S1 nuclease protection. As controls for normal switching, we included the three single copy LCR-Aγ lines mentioned above. As expected, Aγ-gene expression was switched off in all three LCR-Aγ single copy control lines analyzed. In contrast,
Aγ-globin was expressed in the adult blood of all three LCR-Aγ-ΔEnh/F single copy lines ( Table 3 ). The levels of expression were slightly lower and copy numberdependent, compared to the corresponding multicopy lines, as expected (Table 3 and Figure 2 ). These results were confirmed independently by quantitative Real-Time reverse transcriptase PCR analysis ( Table 4) .
Correlation of persistent Aγ-globin expression with integration sites
Our data demonstrate that the deletion of Enh and F elements can lead to persistent Aγ-expression in adult mice carrying either single or multiple copies. We wished to further investigate whether this persistent Aγ-globin gene expression in the adult stage is linked to or is affected by specific chromosomal integrations. Position effects dependent on the chromatin structure at the sites of transgene integration are often observed (30). Therefore, we initially mapped transgene integration sites in all transgenic lines using FISH analysis in metaphase spreads in order to exclude the possibility that Aγ-gene expression could reflect position effects and not the actual effect of the absence of Enh and F silencer elements. We classified chromosomal sites as centromeric and euchromatic, the latter including all integrations that did not map close to a telomere or a centromere. All integration sites are shown in Figure 3 and the results are summarized in Table 1 . The data documented that LCR-Aγ-ΔEnh/F-1 line UNCORRECTED PROOF Molecular Medicine www.molmed.org is integrated in a centromeric region, whereas lines 2 and 3 contain euchromatic integration sites ( Figure 3 and Table 1 ).
To further determine the exact genomic locations of the integration sites, we applied the recently introduced LAM-PCR method (35) , which confirmed the FISH results ( Table 5 proposed that the Aγ-δ globin intergenic sequences harbor negative regulatory elements that are involved in suppressing γ-globin expression in the adult stage (17) .
In accordance to this notion, we previously described two elements Enh and F, lines used in this study. Normalization for the amount of template was performed using primers specific for exon 8 of the mouse HPRT gene. The results shown (mean ± standard deviation) represent the average of at least three independent RNA samples per each line. 
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